We report on allozyme and mitochondrial DNA variation in 13 populations of the supralittoral amphipod Orchestia cavimana. The species colonizes fresh and brackish shores of Northern Africa, Near East and throughout Europe. Populations were sampled across a large part of the species range (Cyprus, Turkey, northern and southern Italy, United Kingdom and Germany), including the type locality (Cyprus). Both sets of molecular markers agree in identifying two divergent lineages. A first lineage includes populations from Cyprus and Turkey. A second genetically homogeneous lineage groups Italian, English and German populations. Genetic divergence between the two lineages is high (D Nei 5 0.720 6 0.06 for allozymes and K2P 5 0.191 6 0.001 for mitochondrial DNA) and comparable to that among morphologically distinct congeneric species reported for the same set of molecular markers.
INTRODUCTION
Orchestia cavimana Heller, 1865 is a supralittoral amphipod belonging to the amphipod family Talitridae. It inhabits damp wracks cast up on river and lake banks, preferably on hard substrata, such as rocks, stones and gravel. Although primarily a freshwater species, O. cavimana can also colonize brackish shores. The species was initially described for the Troodos Mountains in Cyprus and subsequently found around the Black Sea, in North Africa, in different Italian locations and throughout central and northern Europe as far as the southern North and Baltic Seas (Zmudzinski, 1974; Lincoln, 1979) . In spite of the generally wide distribution, populations are scattered and dispersal among them, albeit possible, is thought to be sporadic and achieved passively on drifting materials (Herkül et al., 2006) .
Owing to the ease of breeding and raising the species in the laboratory, O. cavimana has become a model organism in studies on a variety of embryological and developmental processes in malacostracans (Ungerer and Wolff, 2005; Harzsch, 2006; Ungerer and Scholtz, 2008 and references therein) . Notwithstanding the considerable research, no knowledge is currently available on the pattern and degree of genetic structuring in the species. So far, the only genetic paper that included O. cavimana is a phylogenetic study that assessed patterns of relationships among a few talitrid species (Davolos et al., 2004) . Here we present allozyme and mitochondrial DNA (mtDNA) data on 13 populations of O. cavimana and assess whether the species is able to maintain genetic cohesiveness across a broad geographical scale (from Cyprus, Turkey, central and northern Italy, and central Europe). Our sampling, although limited to relatively few populations, covers a large part of the species range, including its type locality. We sampled populations on micro-(central Italy), meso-(central vs.
northern Italy) and macro-geographical scales in order to obtain hierarchical estimates of genetic divergence.
MATERIALS AND METHODS

Sampling
Thirteen populations of O. cavimana were sampled for the study from Cyprus, Turkey, northern and central Italy, United Kingdom and Germany. The Cypriot population is from the species type locality (Troodos Mountain, Cyprus). Animals were collected with an aspirator or by hand, transported alive to the laboratory and frozen at 280u. For four populations, we could only obtain ethanol-preserved specimens, which were analyzed exclusively for mtDNA variation. Collecting sites, population codes and sample sizes are shown in Figure 1 .
Allozymes
Horizontal starch electrophoresis was performed on the crude homogenate of the whole body. Samples were screened for variation at 11 enzymatic proteins coding for 14 gene loci (for each enzyme the EC code and the corresponding loci are given in parentheses): Acid phosphatase (EC 3.1.3.2; Acph); Alkaline phosphatase (EC 3.1.3.1; Aph); Esterase (EC 3.1.1.1; Est-1; Est-2); Got (Got); Exokinasek (EC 2.7.1.1; Hk); Leucine amino peptidase (EC 3.4.11.1; Lap-1; Lap-2); Lactate dehydrogenase (EC 1.1.1.27; Ldh); Mannose phosphate isomerase (EC 5.3.1.8; Mpi); Peptidase (EC 3.4.11; Pep-1; Pep-2); Phosphoglucomutase (EC 2.7.5.1; Pgm); Phosphohexose isomerase (EC 5.3.1.9; Phi). Details on electrophoretic procedures are given elsewhere (De Matthaeis et al., 2000a) . The degree of genetic differentiation within and between species was assessed on the basis of Nei's genetic distance D Nei (Nei, 1978) . The Neighbor-Joining (NJ; Saitou and Nei, 1987) method was used to infer the pattern of genetic relationships among the populations studied; the NJ tree was rooted with the congeneric Orchestia gammarellus (Pallas 1766) as an out-group. The robustness of each node was assessed by producing 1000 bootstrapped genetic distance matrices. The packages BIOSYS-1 (Swofford and Selander, 1981) and PHYLIP 3.5 (Felsenstein, 1995) were used for these analyses.
Mitochondrial DNA
We screened five individuals per population for sequence variation in a fragment of the mtDNA Cytochrome Oxidase I (COI) gene. DNA JOURNAL OF CRUSTACEAN BIOLOGY, 30(2): 307-311, 2010 extractions, PCR amplifications and sequencing were performed as detailed in Ketmaier et al., (2008) . Sequences were edited using Sequencher 4.6 (Gene Code Corporation, Ann Arbor, MI) and aligned by eye following the guide provided by the reading frame. Sequences have been deposited in GenBank (Accession N. GU054495-GU054503). We used PAUP* 4.0b10 (Swofford, 2002) to calculate the absolute number of substitutions and the pairwise Kimura 2-parameter model (K2P) values. We performed a network analysis to estimate gene genealogies using the TCS program (Clement et al., 2000) , which implements the statistical parsimony procedure.
RESULTS
We obtained a NJ tree based on allozyme data and a network constructed on the COI haplotypes (Fig. 2) . The NJ search (Fig. 2 A) identified a large clade including the Italian and English populations; the clade received moderate bootstrap support (70%). Relationships among the Italian populations are not resolved while there is a 90% bootstrap support for the placement of the two English populations as each other's closest relatives. The Cypriot population (CIP) occupies an independent long branch basal to the aforementioned clade. This pattern of relationships translates into three levels of allozymic divergence (Table 1) . Average D Nei was virtually null among Italian samples while it increased to 0.150 6 0.033 between English and Italian populations and to 0.720 6 0.06 when the Cypriot population was included in the analysis; D Nei ranged between 0.001 (GAR2 vs. GAR3; both from northern Italy) and 0.821 (THA vs. CIP; from United Kingdom and Cyprus, respectively). No diagnostic loci (sensu Ayala, 1983) were found among the Italian populations. Two loci (Mpi and Phi) were diagnostic between the two English populations and those from the Italian peninsula, while five loci (Est-1, Got, Lap-2, Pep-2, and Phi) had alternative alleles between CIP and all other populations (alleles frequencies are presented in the Appendix).
The 65 COI sequences (each 421 base pairs long) showed a pattern of variation typical of the mitochondrial genome, with a strong anti-G bias (G freq 5 0.188; A freq + T freq 5 0.621) especially in third codon positions (G freq 5 0.090; A freq + T freq 5 0.717). As expected, most of the detected variation resided in third codon positions (43.97% of variable sites compared to 18.05% in all positions). These sequences identified a total of nine haplotypes, seven of which unique to single populations. We did not find any intra-population variation at the mtDNA level; this could be partially explained by the relatively low number of samples analyzed with this marker.
The haplotype network (Fig. 2B ) sorted populations into two sub-groups separated by a marked phylogeographic break. One group includes the Turkish (TUR) and Cypriot (CIP) haplotypes while all the remaining populations are placed in the second cluster; 67 mutational steps are necessary to connect the two sub-networks. English and Fig. 1 . Sampling localities of the O. cavimana populations included in the study. Abbreviations are population codes followed by sample sizes (only sample sizes for allozymes are shown; we always sequenced five individuals per population for the mtDNA analysis). Asterisks indicate populations screened for mtDNA variation only. CIP (Mount Olympus, Cyprus, Republic of Cyprus; N 5 34); TUR* (Kiyikoy, Turkey); ALB* (Albano Lake, Italy); BRA (Bracciano Lake, Italy; N 5 19); MAR (Martignano Lake, Italy; N 5 18); VIC (Vico Lake, Italy; N 5 18); GAR1 (Garda Lake, Lazise, Italy; N 5 43); GAR2 (Garda Lake, Punta S. Vigilio, Italy; N 5 18); GAR3 (Garda Lake, Punta Vo', Italy; N 5 25); COM* (Como Lake, Italy); THA (Thames River, United Kingdom; N 5 13); NOR (Weaver River, United Kingdom; N 5 14); BER* (Tegeler Lake, Germany).
German populations share the same haplotype with one of the northern Italian population (GAR3); this haplotype is equally distant from haplotypes found in the other northern Italian locations (GAR1, GAR2, and COM) and from the most widespread central Italian haplotype (MAR and BRA) . This in turn is connected via a single step to the haplotype found at Vico Lake, central Italy (VIC) while three steps and two missing haplotypes are necessary to link MAR and BRA to the southernmost central Italian location (Albano Lake: ALB). Table 1 (Nei, 1978) values based on 14 allozymic loci. Above the diagonal are K2P values calculated on the COI data set followed by the absolute number of substitutions. For population codes see Fig. 1 
DISCUSSION
The main finding of this study is that both allozymes and mtDNA agreed in showing a major phylogeographic break between the Cypriot/Turkish populations and all the remaining ones. Concordant patterns in markers with different evolutionary properties are generally taken as a robust indication of the same underlying evolutionary process. Hence our data strongly support the existence of at least two independent lineages currently hidden behind the name O. cavimana. On the other hand, we are aware that our sampling is far away from being geographically comprehensive and that it does not include part of the eastern portion of the species range, i.e., continental and insular Greece. Having these areas included in the study would have strengthened our conclusions. Nonetheless, the relative genetic homogeneity found over a broad geographical scale within each of the two lineages speaks in favor of their identification as such. At the same time, we cannot exclude that if we had a denser sampling we would have been able to identify area(s) of contact between them. During the last decade, we have amassed a wealth of allozyme data on several talitrid species, which can now be used as a framework against which to compare the results presented in this study. The average allozymic divergence between geographically separated populations in five species of Orchestia sampled at the scale of the entire Mediterranean Sea is 0.036 (based on 346 pairwise population comparisons), thus remarkably lower than the value found between English and Italian samples of O. cavimana (0.150 6 0.033) (De Matthaeis et al., 2000b) . In turn, the latter figure is comparable to the value obtained in the same study within Talorchestia brito Stebbing 1891 and Deshayesorchestia deshayesii (Audouin 1826) (0.119). De Matthaeis et al., (2000b) explained the differences in the pattern of genetic structuring of Orchestia and Talorchestia/Deshayesorchestia by invoking different probabilities of long-distance dispersal via drifting materials for these genera. Presumably the probabilities are high in Orchestia, which is common on all kind of seashores and is particularly abundant in beach wracks close to the water line, and low in Talorchestia and Deshayesorchestia, which occur only at or above the high water marks of sandy beaches. The level of allozymic divergence among the English and Italian populations of O. cavimana could be due to the intrinsically more fragmented nature of the species habitat (river and lake banks) compared to the contiguity of seashore inhabited by other congeneric species. The mean value of allozymic divergence between the Cypriot population and all the others (0.720) is almost identical to the value found among five morphologically distinct species of Orchestia (0.728) (De Matthaeis et al., 2000b) .
MtDNA data on talitrids are scantier than those based on allozymes. Sequence divergence between the Cypriot/ Turkish populations and all the others (0.191) is approximately 1.5 times lower than the value found among four other Orchestia species sequenced for the same gene fragment (0.302) (Ketmaier and De Matthaeis, unpublished data) but higher than the average level of COI divergence in the cave-dwelling Palmorchestia hypogaea Stock and Martin 1988 complex endemic to La Palma (Canary Island) (Villacorta et al., 2008) . Trans-Atlantic COI divergence in O. gammarellus was found to be extremely low, with haplotypes sampled on the two coasts differing by a maximum of two mutations (Henzler and Ingolfsson, 2007) . This result is consistent with the shallow level of differentiation among Italian, English and German populations of O. cavimana. Owing to the amount of data collected in recent years, COI has been adopted as the DNA barcoding system for animal life (Hebert et al., 2003) . A study centered on the amphipod genus Hyalella revealed a sequence divergence ranging between 4.4% and 29.9% among 33 provisionally identified cryptic species (Witt et al., 2006) . Our level of sequence divergence between the two main lineages of O. cavimana (19.1%) approaches the upper limit of that range and is well above the speciesscreening threshold of 3.75% adopted in that study. Similarly, our figures are definitively closer to the COI mean interspecific divergence for Chinese species of Gammarus (21.9%) than to the average COI intraspecific divergence for the widespread Gammarus lacustris Sars 1863 (Hou et al., 2009 ). Our results are further supported by a comprehensive study that reviewed COI data for an assemblage of cladocerans, amphipods and decapods (Costa et al., 2007) . These authors found interspecific divergence to range between 0.46 and 2.81% while intraspecific differentiation was comprised between 5.67 and 25.33%, with the latter value referring to amphipods.
It is important to emphasize that the deep mitochondrial divergence between the two lineages found in this study is coupled with the occurrence of fixed allozyme differences at five of the 14 screened loci. According to Witt et al., (2006) , such a pattern is strong evidence for reproductive isolation and thus speciation. Therefore our data suggest a taxonomic revision of the species. The Cypriot population is from the type locality of the species; according to the rules of zoological nomenclature and based on the results presented here, the name O. cavimana should be limited to the Cypriot and Turkish populations. A formal description of the new taxon identified here is currently under way (Ruffo, personal comunication). This should be coupled with a thorough revision of the species systematics based on a critical evaluation of the morphological characters of the individuals assigned to the two lineages, supplemented by geographically more exhaustive molecular screening. This would aid in determining the range of the two putative species and would also provide information on their evolutionary histories. Because of our sparse sampling, we cannot infer the tempo and mode of diversification between or within the two lineages. The low mtDNA differentiation found among Italian, English and German populations suggests that this lineage has undergone a recent (post-glacial?) northward expansion (Hewitt, 1999) . Apparently, this process has not yet come to a halt. Herkül et al., (2006) documented the arrival of O. cavimana in the northeastern Baltic Sea in 1999 and its rapid northward expansion in the inner part of the basin in the following years.
